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Abstract 
EFFECTS OF PREDATION RISK, DENSITY AND DISEASE ON ENERGY 
EFFICIENCY IN A LARVAL ANURAN 
By Sarah J. Crane, M.S. 
A Thesis submitted in partial fulfillment of the requirements for the degree of Master of 
Science at Virginia Commonwealth University. 
 
Virginia Commonwealth University, 2008 
 
Major Director:  James R. Vonesh 
Assistant Professor, Department of Biology 
 
Predation, density and disease affect behavior, morphology and growth. There is a 
lack of information on how these changes relate to efficiency of energy transfer in anuran 
larvae, although previous studies suggest that predation should decrease and competition 
should increase efficiency. Using a 2 x 2 factorial design, I manipulated predation 
presence and larval density to test how predation risk and density affect energy 
efficiency. During the experiment, approximately half of the tadpoles were infected by an 
unknown disease. Neither predation risk nor density affected assimilation or growth 
efficiency, despite changes in growth and development. Disease, however, decreased gut 
length and growth efficiency. This study builds on past work concerning the effects of 
predation and density on a larval amphibian, but also introduces disease as another factor. 
My study suggests that disease may be at least as important if not more important than 
predation or density in regards to growth efficiency. 
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Introduction 
Classic life history theory predicts that different selective pressures will cause 
organisms to make certain choices at the costs of others: they “trade-off” one demand for 
another (MacArthur 1966; McPeek 2004). Increased foraging will increase growth, but 
also may increase predation risk.  On the other hand, decreased foraging may reduce 
predation risk, but also decreases growth. The response of different taxa to this trade-off 
can determine community composition (Sih 1980). Historically, the mechanisms that 
underlie this trade-off have been thought to be primarily behavioral (Kohler and McPeek 
1989). For example, in the presence of predators, organisms are less active: they reduce 
foraging time, thus reducing encounter rates with predators, but this also leads to reduced 
growth (Werner and Anholt 1993).  
Individuals in higher densities also face these trade-off decisions. Intraspecific 
density has been shown to reduce growth (Wilbur 1976; Wilbur 1977). Competition 
causes an individual to consume fewer resources and therefore grow less. This decrease 
in consumption of resources can be due to a decrease in per capita resources or increased 
stress due to competition, also known as interference competition (Steinwascher 1978). 
To make up for this decrease in consumption, an individual under increased density could 
increase foraging. An individual must trade an increase in foraging for an increase in 
predator vulnerability. 
However, recent studies suggest that behavioral responses may only be part of the 
story, perhaps not even the largest part. Even without changing foraging activity, growth 
can change due to changes in energy efficiency. Energy efficiency is defined as both the 
efficiency in obtaining organic matter from food and the efficiency of converting ingested 
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calories into new tissue. Energy efficiency was thought to be consistent across taxa (Elton 
1927, Lindeman 1942, Hutchinson and MacArthur 1959). Recent literature, however, has 
shown that efficiency may differ among species or individuals. This variation may 
depend on differences in ecological conditions, such as density and predation risk 
(Trussell et al. 2006) or physiological traits and constraints, such as health. 
Thus, reduced growth could be due to 1) eating less, a behavioral response to 
predators or increased density, which is the traditional focus or 2) reduced efficiency, 
transforming the same amount of food into less body tissue, a newer focus. Recent 
studies have shown that predation risk can alter growth by reducing energy efficiency 
(Stoks et al. 2005). In one study, snails increased growth efficiency under competition 
and reduced growth efficiency by up to 76% under predation risk (Trussell et al. 2006). 
Higher competitor density leads to decreased food availability, so increased efficiency is 
beneficial to balance this lack of energy consumption. Predation risk, however, causes an 
increase in threat, so energy is spent avoiding predators rather than producing an increase 
in body tissue. 
Currently it is unclear to what degree these patterns are seen in other taxa besides 
snails. Recent literature has suggested that amphibians may be a good system to study the 
environmental impacts on energetic efficiency because gut length is plastic in certain 
tadpoles (Relyea and Auld 2004). This study showed that larvae increased gut length in 
response to increased density (i.e., competition), but reduced gut length in the presence of 
predator cues (Relyea and Auld 2004,  2005). This is because shorter guts translate into 
smaller and more streamlined bodies (VanBuskirk and McCollum 2000; Relyea 2004), 
which lead to higher success when escaping predator attacks. This plasticity suggests a 
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trade-off between predator avoidance and gut length. Past literature suggest that gut 
length correlates with growth efficiency (Alford 1994; Lindgren and Laurila 2005), and 
thus energy efficiency may be affected by density and predation risk in larval anurans, 
via plasticity in gut length. 
In this study, I evaluated the relative importance of density and predation risk in 
determining ecological growth efficiencies in larvae of a gray treefrog. This species is 
common in Virginia. Its behavior, coloration and morphology are plastic in response to 
predator cues (McCollum and VanBuskirk 1996). I hypothesize that 1) predation risk will 
reduce energy efficiency and 2) density will increase energy efficiency by reducing gut 
length. Finally, the unplanned presence of a disease evenly spread among my replicates 
provided the opportunity to examine the sublethal effects of disease on energetic 
efficiency and growth in larval amphibians.  
Methods and Materials 
Experimental Design  
 In a 2 x 2 factorial experiment, I manipulated larval density of the gray treefrog, 
Hyla chrysoscelis (3 or 9 larvae per aquaria) and the presence/absence of a non-lethal fish 
predator (blue spotted sunfish, Enneacanthus gloriosus). I collected the gray treefrog 
larvae and the blue spotted sunfish at the Virginia Commonwealth University Inger and 
Walter Rice Center (GPS: W77º12’30.5”, N37º19’56.32”) and Harrison Lake (GPS: 
W77º11’17.85”, N37º20’29.92”) in June 2007.  The blue spotted sunfish is common in 
Virginia, and is a known predator of the gray treefrog (Binckley and Resetarits 2003). 
Tadpole densities reflect densities typical of natural systems in Virginia coastal plains 
(Resetarits et al. 2004). Each treatment was replicated 10 times in an array of 40 x 38 liter 
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aquaria (32 cm x 51cm x 26 cm) in the VCU Biology aquatic research facility (Trani Life 
Science Building). All treatments were assigned to tanks at random. The experiment was 
run for 26 days.  
The predators and tadpoles were measured for initial length using a digital caliper. 
Tadpoles used were approximately Gosner stage 25 and averaged 18.92 + 5.47 mm 
(mean + 1SE) in length. Fish averaged 42.33 + 1.64 mm in total length. A subset of the 
larvae was euthanized by an overdose of the anesthetic tricane methane sulfonate (MS-
222). They were then dried in an oven until their mass was stable and weighed with a 
microbalance. The dried larvae were stored in a desiccator.  
The fish acclimated for one week before tadpoles were added. Within tanks, the 
predators were kept separate from the larvae using a mesh container (25 cm x 15.5 cm x 
24 cm). The fish were fed two tadpoles three times a week. The aquaria were kept on a 
12:12 photoperiod at an average temperature of 23°C. Larvae were fed (0.1567 + 0.050 
g) a commercial tadpole food, placed in a tray (14.0% protein, 2.0% fat, 20.0% fiber and 
10.0% ash; Carolina Biological Supply Co., Burlington, NC) every four days. 
Unconsumed food and feces were removed every five days and frozen until the 
completion of the experiment. All remaining material found in the tray was designated as 
food. All remaining material outside of the feeding tray was designated as feces. Bother 
food and feces were removed using a turkey baster and strained using a coffee filter. 
Food and feces samples were dried in a muffle furnace (550 ºC) and weighed to 
determine organic matter. To establish an estimate for loss in food mass in tanks not due 
to consumption (e.g. pellets dissolving or loss during handling), I quantified the change in 
mass from pellets (n = 10) in experimental tanks without tadpoles over four days. 
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Remaining food was removed, dried and reweighed. On average, the food lost 18.8% 
weight.  
The response variables measured were tadpole growth, development, external 
morphology (Fig1 a), gut length and energy efficiency. At the end of the experiment, 
larvae were euthanized and digitally photographed in dorsal and lateral views. External 
measurements were taken using Image J software (http://rsb.info.nih.gov/nih-image/) and 
development was estimated using the Gosner stage measurement of development. For 
each tadpole, I dissected out the digestive tract (esophagus, midgut, duodenum, ilium, 
colon and rectum) (Viscera and Richter 1999). Guts were then uncoiled and gut length 
and diameter was taken using a digital caliper. The larvae were then oven dried and 
weighed using a microbalance. 
I determined if a tank was considered diseased by observing tadpoles after 
euthanization. I denoted a tadpole healthy if it had a full, round body (Fig1 b, left) and 
diseased if it had a narrow, flat body (Fig1 b, right). The organs, or portions of the body, 
were dissected from diseased tadpole, fixed in 10% formalin and processed 
histologically.  Specimen were embedded in paraffin, sectioned, and stained with 
hematoxylin and eosin to identify if a parasite existed. 
Energy Efficiency Measurements.  
 I used two metrics to assess how predation and density alter energy efficiency in 
tadpoles; (1) assimilation energy and (2) growth efficiency. Assimilation efficiency was 
determined following Conover (1966) and Skelly (Skelly and Golon 2003) (Eq. 1)  and 
quantifies the amount of organic matter absorbed from food after passing through the 
digestive tract. 
  6 
 Assimilation energy = (F’ – E’)    * 100 
(1-E’)(F’)                  Eq. 1 
 
Where F’ = ash free dry weight: dry weight ratio (fraction of organic matter) in the 
ingested food, and E’ = ash free dry weight: dry weight ratio (fraction of organic matter) 
in a sample of feces. Growth efficiency was determined following Welch (1968) and  
Trussell (2006) (Eq. 2) compares the amount of energy produced in new tadpole tissue as 
a function of the energy consumed,  
Growth efficiency = Growth (calories of tissue produced)  
                   Ingestion (calories of estimated food consumed)  Eq. 2 
 
To calculate growth efficiency, I first measured tissue quality (cal/g) in the initial body 
tissue and multiplied this by average dry mass (g) of the initial subset of individuals. This 
gave me the amount of initial calories. I then measured tissue quality (cal/g) in the body 
tissue after completion of the experiment and multiplied by the average final dry mass (g) 
of the individuals to give me final calories. To determine tissue quality, I pulverized dried 
larvae using a mortar and pestle and combined with other equal treatments, if needed, to 
obtain sufficient quantities (>0.025 g) to execute calorimetry. I then compressed the dried 
larvae into pellets using a pellet press (Parr No. 2811). I subtracted the initial energy in 
tissue (cal/g) from the final energy in tissue (cal/g) to find growth, or tissue produced 
(cal/g). I measured energy consumed by dividing the amount of food consumed (g) per 
aquaria by individuals in the tank. I then used calorimetry to determine the overall energy 
content of the food. By multiplying the amount of food consumed (g) by food quality 
(cal/g), I can estimate per capita ingestion of food consumed (calories/gram). I measured 
dry weight specific energy content by measured using a Parr 6725 Semi-micro 
Calorimeter (Parr instrument Company Moline, Illinois USA).  
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These two energy efficiency metrics provide different insights. Assimilation 
energy provides information about digestive efficiency: how much organic matter is 
absorbed while passing through the digestive tract. While growth efficiency provides 
information about tissue assimilation: how many of the consumed calories are 
transformed into tissue. Hypothetically, one could observe an increase in assimilation 
efficiency, but no increase in growth efficiency; this would suggest that while more 
organic matter was extracted, it was not invested into new tissue (e.g. it might have been 
allocated to activity or metabolic functions.) By using two different techniques, I 
examined two different measures of energy efficiency and determined whether a 
correlation existed between them. 
Statistical Analysis.  
 I analyzed the effects of predation, density and their interaction along with health 
on multiple response variables (survival, behavior, morphology and energy efficiency) 
simultaneously by conducting a two-way MANOVA using the GLM procedure of 
SYSTAT (version 11.00.01; SYSTAT Software, Inc., San Jose, California, USA). Data 
were log transformed, when necessary, to better fit assumptions of normality and to 
homogenize variance. Significant effects of predation, density, their interaction and 
health were evaluated using Pillai’s trace, which is the most conservative and robust of 
MANOVA significance tests (Scheiner 1993). For all external morphology 
measurements, I used an ANCOVA with total length as the covariate. I conducted 
subsequent univariate ANOVA tests for each response variable given a significant 
MANOVA model to identify the response variables driving the differences between 
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groups. A Chi-square test was used to test for differences in the proportion of healthy and 
diseased tanks among treatments.  
Results 
Predation Risk and Density.  
 Neither predation risk, tadpole density nor their interaction affected tadpole 
survival (Fig 2 a), although there was a tendency for lower survival in high density. 
While survivorship was similar among treatments, survivorship averaged 73 + 5.34% due 
to an apparent disease. Predation risk did not affect development, but tadpoles in the low 
density were more developed (Fig 2 c; F1, 32 = 7.604, P = 0.010) than those in high 
density treatments. 
At the termination of the experiment, tadpoles in the low density treatment were 
on average 17% longer than tadpoles in the high density (Table 3, Fig 3 a; F1, 32 = 9.659, 
P = 0.004), but neither predation nor the interaction affected total length. After 
accounting for total length, neither density nor predation risk had an effect on tail length, 
body length, tail, body width, muscle depth, body depth, or gut length (Table 2, Fig 3 b-
h). In the absence of predation, tadpoles in the low density had thicker tail muscle, 
however, in the presence of predation, there was no difference in tail muscle between the 
different densities (Fig 3 f; F1, 32 = 5.181, P = 0.036). 
Tadpoles in the low density had 80% greater mass (Fig 2 b; P = 0.002) and 
consumed over 200% more calories per capita than tadpoles from the high density tanks. 
Neither predation nor their interaction had an effect on mass or food consumed. Neither 
density nor predation risk affected percentage of organic matter found in the feces or 
assimilation efficiency. Tadpoles in the lower density consumed over twice as many 
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calories per capita as tadpoles in the higher density (Fig 4 c; F1, 32 = 92.164, P < 0.001), 
however, neither predation risk nor the interaction between predation risk and density 
affected calories consumed, calories of tissue produced, quality of tissue produced or 
growth efficiency (Table 4). Tadpoles in the low density had a threefold increase in 
calories of tissue produced (Fig 4 c; F1, 32 = 10.681, P = 0.003).  
Disease.  
 The proportion of tanks exhibiting diseased phenotypes (Fig 1 b) was equal 
among treatments (χ2 = 1.257, P = 0.739). Survival from tanks where individuals 
appeared diseased was 45% lower than in tanks where individuals appeared healthy. 21 
tanks were identified as healthy, 15 tanks were identified as diseased and 4 tanks had 
100% mortality and were removed from analysis. Although survival differed, there was 
no difference in total length or development between healthy and diseased individuals.  
After accounting for total length (Table 6, F1, 34 = 1.251, P = 0.271), tail length, 
body length, and tail width were not affected by disease. However, healthy tadpoles had a 
60% greater body depth (Fig 6 d; F1, 34 = 35.173, P < 0.001), 60% greater body width 
(Fig 6 f; F1, 34 = 7.637, P < 0.001) and 63% greater muscle depth (Fig 6 e, Table 6; F1, 34 
= 6.887, P = 0.001) even after adjusting for total length. Furthermore, gut length was 
more than two times longer in healthy tadpoles than diseased tadpoles (Fig 5 h, Table 6; 
F1, 34 = 61.335, P < 0.001).  
Although healthy tadpoles had 58% greater dry mass and produced over 200% 
more calories in new tissue compared to diseased tadpoles, diseased tadpoles consumed a 
similar amount of calories (Fig 7 b; F1, 34 = 1.309, P = 0.261), had similar assimilation 
efficiency, and produced tissue of similar quality to healthy tadpoles. However, growth 
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efficiency averaged over 200% greater on average in healthy tadpoles (Table 6, Fig 6 f; 
F1, 34 = 6.550, P = 0.015). 
There was no correlation between gut length and assimilation efficiency (Fig 8; P 
= 0.734, r = 0.430). There was, however, a significant positive correlation between gut 
length and growth efficiency (Fig 9; P < 0.001, r = 0.851, y = 0.0019x - 0.0466). There 
was no correlation between assimilation and growth efficiency (P = 0.948, r = 0.000). 
Discussion 
Previous studies examining phenotypically plastic responses to predators and 
competitors suggest a trade-off; induced responses to predators increase survival but 
reduce ability to compete. While response to density may increase competitive ability, it 
may also increase vulnerability due to increased movement. The reduced growth rates in 
presence of predators have historically been viewed as the result of reduced foraging 
activities. However, recent studies suggest that reduced competitive ability could also 
arise due to plasticity responses in gut morphology which may reduce growth efficiency. 
Here I examine the effect of fish predators and competitors on tadpole feeding rates, 
morphology, gut length and energy efficiency. Overall gut length is strongly related to 
energy efficiency, but in contrast to previous studies, I did not observe plasticity in gut 
length and found no effects of either predation or density on energy efficiency.  
My study also provides evidence of how disease may alter morphology, gut 
length and energy efficiency. Tadpoles in the low density ate more, were bigger, longer 
and more developed. In general, density did not alter tadpole morphology independently 
of its effect on tadpole size. For example, while low density tadpoles had longer digestive 
tracts, this difference was simply because these tadpoles were larger, while low density 
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tadpoles grew more merely because they consumed more food per individual. There were 
no effects of density on measures of energy efficiency. 
This study shows that density can effect tadpole growth, and development. This is 
novel because gut length has been shown to increase in response to increased density, but 
not change in response to predation risk (Relyea and Auld 2004). It is expected that 
tadpoles in higher densities would put energy into longer guts to increase efficiency. 
Density, however, did not affect gut length in my study. My study used much lower, 
perhaps more realistic, tadpole densities than other studies, so this change in gut length 
may only be induced under severe competition.  
Predation risk did not have an effect on growth or development. This pattern has 
been shown in other studies (McCollum and VanBuskirk 1996; Relyea and Hoverman 
2003). Predation has been shown to cause changes in morphology in other studies 
(McCollum and VanBuskirk 1996; Relyea 2002; Relyea and Hoverman 2003; Touchon 
and Warkentin, in press), but this was not seen in my study. I would expect individuals 
under predation risk to have shorter guts (Relyea and Auld 2004), because tadpoles 
would allocate more energy into growing longer tails to help escape predation. This also 
was not seen in my study. Previous studies have used dragonfly larvae as predators, while 
my study uses a fish predator. While both predators are active hunters, the blue spotted 
sunfish attacks a prey and usually consumes it immediately (Crane pers. obs.). Dragonfly 
larvae are considerably smaller and are less successful at catching a tadpole (Corbet 
1999). This unsuccessful attack could lead to greater chemical cues being released and 
warning from the tadpoles. These variations may account for differences in gut plasticity 
seen in my study (Touchon and Warkentin 2008). 
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Disease, however, had dramatic effects on tadpole morphology and growth 
efficiency. Diseased tadpoles consumed the same amount of food as healthy tadpoles and 
reached similar development stage and were not significantly different in length. 
However, sick tadpoles had 36.6% lower mass. While tissues of both tadpoles were 
similar in energetic value; tissue production in healthy tadpoles was 6.0% greater. This 
appears to be due to lower efficiency in diseased tadpoles with the food they consumed. 
This is likely due to the fact that sick individuals had significantly shorter guts and gut 
length is highly correlated with growth efficiency. 
Few studies have looked at the effects of disease on amphibian energy ecology. 
No studies have examined the effect of disease on energy efficiency. Disease may 
influence growth by changing behavior, morphology and physiological processes. One 
study found that parasites in the environment increased time until metamorphosis and 
changed behavior in a Hyla species (Kiesecker and Skelly 2001). Another study found 
that disease significantly reduced body mass in a Hyla species (Parris and Baud 2004). 
Whether disease affects changes in energy efficiency is a novel topic introduced in this 
study. 
My tadpoles may have been infected by a coccidian parasite which infects tadpole 
intestines (pers. comm. D. W. Duszynski). Further research will be done to get a positive 
identification of the parasite. Disease was found to reduce gut length and growth 
efficiency in these tadpoles. The mechanism driving these differences is unknown. My 
study shows that disease in larval amphibians may be more important in determining 
growth efficiency than environmental conditions such as predation risk and density.  
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To better understand the effects of disease on energy efficiency, I suggest future 
research on the effects of coccidian parasites on tadpole morphology and energy 
efficiency.  Tadpole should be collected and tested for species of coccidian, using fecal 
samples because many tadpoles contain coccidian parasite naturally (Clayton 2005). 
Tadpoles containing the parasite should be divided into groups, giving some tadpoles 
anti-coccidian drugs, to remove the parasite. Tadpoles should be retested at the end of the 
experiment to ensure no coccidial infection. Morphology, including gut length, 
development and energy efficiency should be tested. This study could help me better 
understand how parasites help to change energy flow in different environments. 
Understanding how environmental conditions affect energy efficiency may have 
important consequences for ecological communities. Amphibians with complex life 
cycles are important to ecosystems because they move materials between aquatic and 
terrestrial environments. They can account for considerable energy flow between these 
ecosystems because they are abundant, ectothermic and energy they ingest is efficiently 
transferred to higher trophic levels (Burton and Likens 1975; Pough 1980; Seale 1980; 
Regester et al. 2006). Changes in amphibian growth mean changes in energy movement 
between habitats. More important, the trophic energy efficiency hypothesis of Lindeman 
(1942) suggests that efficiency of energy exchange between trophic levels limits the 
height of food chain and/or webs. Therefore determining whether predation risk, density 
and disease alter energy efficiency can help to better predict food web structure (Welch 
1968; Trussell et al. 2006). This study provides insight into the relative effects of 
predation risk, density and disease on larval treefrog ecological functions in these 
systems. 
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Tables 
 
Table 1. Results from MANOVA and ANOVAs for effect of predation risk and density 
survival, dry mass and Gosner stage. Asterisks denote significant values. 
 
MANOVA Density, Predation and their Interaction 
 df F P 
    Density 3, 30 4.037 *0.016 
    Predation 3, 30 0.460 0.713 
    Interaction 3, 30 1.566 0.218 
ANOVA    
Survival    
   Density 1, 32 3.806 0.060 
   Predation 1, 33 0.000 0.988 
   Interaction 1, 34 3.749 0.062 
Dry Mass (g)    
   Density 1, 32 10.854 *0.002 
   Predation 1, 32 1.067 0.309 
   Interaction 1, 32 2.566 0.119 
Gosner Stage    
   Density 1, 32 7.604 *0.010 
   Predation 1, 32 0.016 0.901 
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Table 2. Results from MANOVA and ANOVAs for total length, body length, tail length, 
body depth, muscle depth, tail width, body width, and gut length for density, predation 
and their interaction. For morphological characteristics that were found to be significant, 
an additional ANOVA was performed using total length as a covariate. These results are 
also shown. Asterisks denote significant values. 
 
MANOVA Density, Predation and their Interaction 
 df F P 
    Density 8, 25 1.412 0.240 
    Predation 8, 25 0.435 0.888 
    Interaction 8, 25 1.506 0.205 
ANOVA    
   Density 1, 32 8.350 *0.007 
       Total Length as covariate  0.049 0.826 
   Predation 1, 32 1.496 0.230 
   Interaction 1, 32 2.526 0.122 
Body Length (mm)    
   Density 1, 32 7.786 *0.009 
      Total Length as covariate 1, 32 0.759 0.390 
   Predation 1, 32 0.802 0.377 
   Interaction 1, 32 2.002 0.167 
Body Depth (mm)    
   Density 1, 32 3.263 0.080 
      Total Length as covariate 1, 32 0.112 0.740 
   Predation 1, 32 0.433 0.515 
   Interaction 1, 32 2.672 0.112 
Muscle Depth (mm)    
   Density 1, 32 5.341 *0.027 
      Total Length as covariate 1, 32 0.355 0.556 
   Predation 1, 32 0.773 0.386 
   Interaction 1, 32 5.181 *0.030 
      Total Length as covariate 1, 32 4.802 *0.036 
Tail Width  (mm)    
   Density 1, 32 6.875 *0.013 
      Total Length as covariate 1, 32 0.027 0.872 
   Predation 1, 32 0.243 0.625 
   Interaction 1, 32 0.583 0.451 
Body Width (mm)    
   Density 1, 32 8.580 *0.006 
      Total Length as covariate 1, 32 0.162 0.690 
   Predation 1, 32 0.358 0.539 
   Interaction 1, 32 0.861 0.361 
Gut Length (mm)    
   Density 1, 32 3.182 0.084 
      Total Length as covariate 1, 32 0.520 0.476 
   Predation 1, 32 0.249 0.621 
   Interaction 1, 32 2.218 0.146 
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Table 3. Results from MANOVA and ANOVAs for percent organic matter in feces, 
assimilation efficiency, energy consumed, energy produced, tissue quality and growth 
efficiency for density, predation and their interaction. Asterisks denote significant values. 
 
MANOVA Density, Predation and their Interaction 
 df F P 
    Density 6, 25 35.874 *<0.001 
    Predation 6, 25 1.703 0.162 
    Interaction 6, 25 1.860 0.128 
ANOVA    
Assimilation Efficiency    
   Density 1, 32 0.193 0.664 
   Predation 1, 32 0.046 0.831 
   Interaction 1, 32 0.591 0.448 
Energy Consumed (cal)    
   Density 1, 32 92.164 *<0.001 
   Predation 1, 32 0.002 0.956 
   Interaction 1, 32 0.227 0.637 
Energy Produced (cal)    
   Density 1, 32 10.681 *0.003 
   Predation 1, 32 0.618 0.345 
   Interaction 1, 32 2.711 0.109 
Tissue Quality (cal/g)    
   Density 1, 32 0.176 0.678 
   Predation 1, 32 3.441 0.073 
   Interaction 1, 32 1.656 0.207 
Growth Efficiency    
   Density 1, 32 0.855 0.362 
   Predation 1, 32 0.224 0.640 
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Table 4. Results from ANOVAs for survival, dry mass and Gosner stage for healthy and 
diseased individuals. Asterisks denote significant values. 
 
MANOVA Health 
 df F P 
  Health 3, 32 11.647 *<0.001 
ANOVA    
  Survival 1, 34 24.71 *<0.001 
  Dry Mass (g) 1, 34 5.069 *0.031 
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Table 5. Results from ANOVAs for total length, body length, tail length, body depth, 
muscle depth, tail width, body width, and gut length for healthy and sick individuals. For 
morphological characteristics that were found to be significant, an additional ANOVA 
was performed using total length as a covariate. These results are also shown. Asterisks 
denote significant values. 
 
 Health 
MANOVA df F P 
   Health 8, 27 6753.502 *<0.001 
ANOVA    
   Total Length (mm) 1, 34 1.251 0.271 
   Tail Length (mm) 1, 34 0.807 0.375 
   Body Length (mm) 1, 34 0.807 0.375 
   Body Depth (mm) 1, 34 35.173 *<0.001 
      Total Length as covariate 1, 34 88.105 *<0.001 
   Muscle Depth  (mm) 1, 34 6.887 *0.013 
      Total Length as covariate 1, 34 12.219 *0.001 
   Tail Width  (mm) 1, 34 1.180 0.285 
   Body Width (mm) 1, 34 7.637 *0.009 
      Total Length as covariate 1, 34 18.864 *<0.001 
   Gut Length (mm) 1, 34 23.469 *<0.001 
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Table 6. Results from ANOVAs for percent organic matter in feces, assimilation 
efficiency, energy consumed, energy produced, tissue quality and growth efficiency for 
healthy and diseased individuals. Asterisks denote significant values. 
 
  Health 
MANOVA df F P 
   Health 6, 27 1.750 0.148 
ANOVA    
   Percent Organic Matter in Feces 1, 34 0.687 0.413 
   Assimilation Efficiency 1, 34 1.037 0.316 
   Energy Consumed (cal) 1, 34 1.309 0.261 
   Energy Produced (cal) 1, 34 4.680 *0.038 
   Tissue Quality (cal/g) 1, 34 0.001 0.982 







































Figure 1. A. Example of measurements taken using Image J Software from NIH. BL = 
Body Length, TL = Tail Length, BD = Body Depth, TD = Tail Depth, MD = Muscle 
Depth, BW = Body Width, and TW = Tail Width. Total Length was found using BL + 
TL. B. Dorsal and lateral views of healthy (left) and diseased (right) tadpoles. These 
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Figure 2: A. Survival in high density – no predator (H-NP), high density – predator (H-
P), low density – no predator (L-NP) and low density – predator (L-P). B. Final dry mass 
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Figure 3: Morphological characteristics. A. Total length (mm) in high density – no 
predator (H-NP), high density – predator (H-P), low density – no predator (L-NP) and 
low density – predator (L-P). B. Tail length (mm) C. Body length (mm). D. Tail width 
(mm). E. Body width (mm). F. Muscle depth (mm). G. Body depth (mm). H. Gut length 























































































































































Density        p=0.004 
Density        p=0.007 
Density        p=0.009 Density        p=0.006 
Density         p=0.027 
Dens. x Pred.p=0.030 
Density        p=0.013 
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Figure 4: Energy Measurements. A. % organic matter found in the tadpole feces in high 
density – no predator (H-NP), high density – predator (H-P), low density – no predator 
(L-NP) and low density – predator (L-P). B. Assimilation efficiency. C. Energy 
consumed per tadpole over the total experiment (calories). D. Energy produced in tissue 
(calories). E. Tissue quality (calories/gram). F. Growth efficiency. All bars represent 

































































































































































Density        p<0.001 
Density        p=0.042 D 
Density        p=0.003 
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Figure 5: Hematoxylin and eosin stain of a diseased tadpole intestine showing possible 
coccidian infection (indicated by arrows). 
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Figure 6: A. Survival in healthy and sick tadpoles. B. Dry mass (g). C. Developmental 
















































A Health        p<0.001 
Health        p=0.031 
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Figure 7: Morphological characteristics. A. Total length (mm) between healthy and sick 
tadpoles. B. Tail length (mm). C. Body length (mm). D. Tail width (mm). E. Body width 
(mm). F. Muscle depth (mm). G. Body depth (mm). H. Gut length (mm). All bars 
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Figure 8: Energy Measurements. A. Percent organic matter found in the tadpole feces in 
healthy and sick tadpoles. B. Assimilation efficiency. C. Energy consumed per tadpole 
over the experiment (calories). D. Final energy produced in tissue (calories). E. Tissue 




































































































































Health        p=0.038 
Health        p=0.015 



























Figure 9: Relationship between gut length (mm) and assimilation efficiency (P = 0.734, r 
= 0.430). 
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